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Abstract: This study is the first systematic assessment of large herbivore (LH) communities in
Limpopo National Park (LNP) in Mozambique, an area where most LH species were extinct until the
early 2000s. We investigate whether LH community parameters are linked with the availability of
habitat types or the distance between sampling sites and the origin of LH resettlement. We placed
camera traps in five habitat types in resettled and not-resettled areas to compare species richness,
relative abundance index, grazers–browsers–mixed feeder and naïve occupancy of 15 LH species.
While the richness decreased along the distance gradient of LH resettlement, relative abundance
index strongly responded to habitat features. The grazer–browser–mixed feeder ratio oscillated,
while from resettled to not-resettled areas, the ratio increased. Most species show a wide distribution
range. The associations of most LH community parameters with habitat types rather than distance to
initial release, together with the species-specific and guild-specific response patterns of LH, suggest
LNP to already be in an intermediate stage of restoration. Our results highlight the importance of
post-release monitoring of reintroduced wildlife as a tool to assess the success of ecological restoration
initiatives in transboundary conservation areas.
Keywords: camera trap; colonization; distribution patterns; relative abundance; ecological parame-
ters; habitat types; large herbivores reintroduction; Limpopo National Park; Old Sanctuary
1. Introduction
Large herbivores (LHs) are one of the components determining the structure, composi-
tion and function of ecosystems in African savannas [1,2]. In the savannas of Sub-Saharan
Africa, wildlife still shares pastoral landscapes with people and livestock [3]. As long as this
phenomenon persists, these semi-natural habitats progressively become smaller and less
available [4,5] and confine the distribution of wildlife to areas that are still safe and suitable.
As large herbivores explore large home ranges [6–9], landscape scale monitoring is needed,
although it is costly because the distributions patterns are affected by processes which
operate at multiple scales [10], so methods that provide robust information at low-cost are
particularly valuable.
Habitat availability and the quality and quantity of food are determinant in the
distribution and abundance of LHs [11–13]. Habitat choice and LH distribution also depend
on water and shelter availability, topography, human settlements, predator occurrence and
abundance [14,15], social interactions between individual animals, breeding and territorial
behaviour [16]. The landscape is heterogeneous in terms of habitat types forcing LHs to
move according to both habitat characteristics and their needs for energy and safety [17,18].
Herbivores with smaller body size (≤100 kg) require relatively less forage but of higher
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nutritional quality, whereas larger herbivores tolerate low quality food, provided that it is
of sufficient quantity [19–23]. As a result of body-size-related nutrient requirements [24],
larger species exploit a higher diversity of habitat types than smaller species [21,25] and
are therefore more evenly distributed in the landscape than smaller species [26]. Body
size and feeding guild interactions also influence the distribution of LHs. Grazers [e.g.,
warthog (Phacochoerus africanus), blue wildebeest (Connochaetes taurinus) and plains zebra
(Equus quagga)] prefer to graze in habitats with short-to-medium grasses [27] and medium-
to-tall grasses [African buffalo (Syncerus caffer)] as the body size increases [28,29]. Pure
browsers [e.g., greater kudu (Tragelaphus strepsiceros) and giraffes (Giraffa camelopardalis)]
select mainly habitats with woody plant forage [30], while mixed feeders [e.g., impala
(Aepyceros melampus), nyala (Tragelaphus angasii) and sable antelope (Hippotragus niger)]
prefer woodland with minimal undergrowth and low to medium height grasslands [28,31].
The Limpopo National Park (LNP) was established in 2001 [32]. Before that time, it was
a hunting concession called “Coutada 16” [33,34]. The area was affected by Mozambique’s
civil war (1976–1992) [35] and decades of poaching, which decimated the populations of al-
most all LH species in the region [36,37]. The LNP is part of the Great Limpopo Transfrontier
Park (GLTP) initiative that links LNP in Mozambique, Kruger National Park (KNP) in South
Africa and Gonarezhou National Park (GNP) in Zimbabwe [32]. Communities that had fled
during the war gradually returned in the 1990s, and by the time the area was declared a
national park, it was home to some 20,000 people [38]. An explicit goal of the GLTP is to re-
habilitate wildlife populations in the area [32]. For this purpose, a 300 km2 fenced area (Old
Sanctuary), easy to patrol and allow wildlife adaptation and growth, was built in the south-
eastern corner of the LNP. Afterwards, a total of 4725 large herbivore individuals belonging
to 10 species [African elephant (Loxodonta africana), white rhino (Ceratotherium simum), wa-
terbuck (Kobus ellipsiprymnus), roan antelope (Hippotragus equinus), Lichtenstein hartebeest
(Alcelaphus lichtensteinii), African buffalo, giraffe, blue wildebeest, plains zebra and impala]
were actively translocated from KNP to LNP between 2001 and 2008 [36,39]. The fence
of the sanctuary was later removed in 2006 to allow animals to disperse and colonize the
rest of the park. Some sections of the LNP–KNP international border were also removed
to allow passive wildlife reintroduction and wildlife cross-border movements from KNP
into LNP [40]. The reintroduction success depends on the adaptation/acclimatization of
translocated wildlife to a new environment after their release [41] and its dispersal behav-
ior [42]. Species of LH may disperse from reintroduction sites, as an adaptive response
to explore and select high quality habitats surrounding or away from release sites [41,42].
However, human presence limits habitat use by large herbivores and its ability to disperse
to other habitats in the landscape [43]. Around 30,000 people live inside LNP. Twenty-three
percent (23%) of these people are waiting to be resettled in an area outside the current park
borders that is termed a “buffer zone” [38,44]. These villages act as barriers to the use of
the habitats in the LNP landscape.
The understanding of spatial distribution and abundance of LH in African savanna
ecosystems is critical for adaptive management of species and their habitats [45,46]. Since
the beginning of the LNP restoration program in 2001 [36,39], to our knowledge there are
no studies to understand the stage of its course, the adaptation of reintroduced LH to the
new habitats after release and their ability to invade and colonize other habitats outside
the release site. The important ecological parameters (occurrence, relative abundance,
species richness, diversity index, grazer-browser-mixed feeder-ratio, ungulate-potential
predators and spatial occupancy) of reintroduced LH that can indicate the re-establishment
of processes and patterns in the LNP landscape remain poorly explained. Because the LNP
is considered one of the core areas for the development of GLTP [32], these parameters
can also be indicative of GLTP functionality. Some of these parameters (population trends
and density, spatial distribution of selected species) are still estimated only through the
aerial census data that cover only 30% of the park [47–49]. Furthermore, no study has yet
attempted to compare these parameters in relation to the habitat features at the origin of
LH resettlement.
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Our study aims to investigate whether ecological parameters associated with LH
communities in Limpopo National Park (e.g., occurrence, relative abundance, species
richness, diversity index, grazer-browser-mixed feeder ratio, ungulate-potential predators
and naïve occupancy) are explained by (i) the availability of habitat types or (ii) the distance
between sampling site and the “origin of LH resettlement”. Thus, we hypothesized that
the ecological parameters (1) will decrease with an increasing distance of the sampling
site from the so-called “origin of LH resettlement” (KNP fence and "Old Sanctuary" see
Figure 1a,b), (2) will decrease from Lebombo North (West) to Nwambia Sandveld (East)
(see Figure 1c), and (3) that mixed feeders and species of larger body size will use a wider
range of habitats. The results can be a useful tool for the ecological restoration of the
park through measuring of (i) its success or failure or (ii) the post-release adaptation
(colonization) of reintroduced LH to new habitats in the LNP. This will ultimately support
the developing of a comprehensive conservation management and monitoring plan for
further development of the GLTP.
2. Materials and Methods
2.1. Study Area
The study was carried out from December 2019 to March 2021 in Limpopo National
Park (LNP) (22◦25′ S–24◦10′ S, 31◦18′ E–32◦39′ E), a 10.000 km2 protected area in Gaza
province in Mozambique. The LNP is a crucial element of a transboundary protected area
network which, together with Kruger National Park (KNP) in South Africa and Gonarezhou
National Park (GNP) in Zimbabwe, forms Great Limpopo Transfrontier Park (GLTP). The
western boundary of the LNP is formed by the border with South Africa. The Zimbabwean
border touches on the northern-most tip of the area. The Limpopo River forms the eastern
boundary, whilst the Olifants River is the southern boundary. The climate is classified as
warm dry tropical with mean annual precipitation increasing from 360 mm to over 500 mm
from northern to southern. Mean annual temperature fluctuates between 24 ◦C and 30 ◦C.
Rainfall occurs in the wet season extending from November to April. The dry season
extends from May to October [32]. The average of annual rainfall that falls in wet season
is about 60% [50]. The altitude in the park varies between 260 and 840 m above sea level.
Geologically, LNP is dominated by rhyolite volcanic rock in the southern region, while the
North consists of red sand mantle, whereas alluvium and clay sediments characterize the
Limpopo floodplains [32].
Hydrologically, the LNP is dominated by three river systems with an overwhelming
impact on the land use of the region, which influences wildlife distribution: (1) the Limpopo
is the largest, perennial river, although water becomes restricted to pools along the river
bed at the end of dry season; (2) the Olifants remains perennial throughout the season;
and (3) the Shingwedzi is a much smaller not-perennial river system. As Shingwedzi
drains the central portion of the LNP, it has a large effect on the wildlife distribution [32].
Settlements in the LNP are characterized by subsistence farming, free grazing of livestock
and “bushmeat poaching” (illegal hunting of wildlife for local consumption) [51]. About
30,000 people live within the park in 50 villages. Most of the population (around 20,000 peo-
ple) is concentrated in 42 villages along the right bank of the Limpopo River and the left
bank of the Olifants River, where the alluvial soils are suitable for agriculture [38]. The
remaining inhabitants live in eight villages along the Shingwedzi River [44]. These con-
tinuous matrixes of agricultural resettlements along the Limpopo River and Shingwedzi
Valley act as the greatest barrier to wildlife distribution and movements. The free grazing
of livestock and bushmeat poaching are the main threats in the most extensive habitats
(Sandveld habitats) of the park [51,52]. There are over 7000 heads of cattle along Shing-
wedzi Valley sharing grazing areas with wildlife and over 15,000 in the buffer zone [49].
People hunt with large packs of 10–20 domesticated dogs (Canis lupus f. familiaris), and
it is expect that LHs are displaced by these activities, particularly in the open grasslands
in the Sandveld [52]. The encroachment of people in the park modifies the composition
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and structure of habitats and reduces the safety forcing wildlife concentration away from
agriculture and settlement areas.




Figure 1. (a) Overview of large herbivore reintroductions in the LNP and GLTP. (b) Resettled and not-resettled area. (c) 
Sampling sites in five habitat types [53]. (GLTP – Great Limpopo Transfrontier Park, GNP – Gonarezhou National Park, 
IPZ – Intensive Protection Zone, KNP – Kruger National Park, LNP – Limpopo National Park). 
2.3. Data Collection 
We deployed 24 infrared wildlife camera traps (Foxelli Outdoor Gear Oak’s Eye 
Trail Cam®® - 14MP 1080 Full HD) in 146 sites from December 3, 2019 to June 4, 2021. We 
used a stratified random design with habitat types as the main strata, and we randomly 
selected ~2 km2 grid cells [56,57] in a 60 × 108 km2 grid cells surveyed. We deployed one 
camera trap in each grid [58,59] at 0.50 to 1.5 meters height on trees and shrubs. Areas 
that were difficult to access as well as areas where the risk of cameras being stolen was 
high (close to roads or settlements and cattle grazing areas) were not covered for sam-
pling. All cameras worked on a passive infrared-triggered basis. The cameras were active 
Figure 1. (a) Overview of large herbivore reintroductions in the LNP and GLTP. (b) Resettled and not-resettled area.
(c) Sampling sites in five habitat types [53]. (GLTP—Great Limpopo Transfrontier Park, GNP—Gonarezhou National Park,
IPZ—Intensive Protection Zone, KNP—Kruger National Park, LNP—Limpopo National Park).
Based on woody vegetation, species composition and physiognomy, ten landscape
types with 15 plant communities were describ d in LNP: (i) Nwambia Sandveld, (ii) Pumbe
Sandveld, (iii) Rugged Veld, (iv) Lebombo North, (v) Shru veld on Calcrete (Combretum
sp/Colophospermum mopane), (vi) Shrubveld on Basalt, (vii) Woodland, (viii) Limpopo Lev-
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ubu Floodplains, (ix) Rugged Veld (Adansonia digitata/ C. mopane) and (x) Salvadora angusti-
folia floodplains [53]. Since the establishment of the LNP, there has been an increase in the
wildlife population, and at least 26 large herbivores species have been documented [47–49],
as a result of active reintroductions through capture and release of large herbivores from
KNP to LNP and passive reintroductions through dropping of three sections of the fence
between these two parks to allow transboundary wildlife movements in the context of
establishment of the GLTP [38,39,47].
2.2. Study Design
2.2.1. Selection of Species
We selected 15 large herbivore species (body mass > 10 kg) that show some increase
in their population number since 2004 [48,49]. These LH species represent also different
feeding guilds. Seven of these species were actively reintroduced in the park from 2001
to 2008 (Table 1), and these, together with the rest of the species, are believed to have
crossed the borders through the dropped fence sections [39] such that the current number
of LH species in the park is an obvious result of reintroductions, migrations and intrinsic
population growth.
Table 1. Large herbivore species (body mass > 10 kg) selected for the study in the Limpopo National Park (the upper and
lower limit of weight corresponds to variations between adult males and females).
Common Name Scientific Name Body Mass (kg) [28,54] Feeding Guild [28]
Warthog Phacochoerus africanus 60–72 Grazer
Waterbuck Kobus ellipsiprymnus ** 180–220 Grazer
Blue wildebeest Connochaetes taurinus ** 180–250 Grazer
Plains zebra Equus quagga ** 290–340 Grazer
African buffalo Syncerus caffer ** 580–700 Grazer
Common duiker Sylvicapra grimmia 18–21 Browser
Bushbuck Tragelaphus scriptus 32–64 Browser
Greater kudu Tragelaphus strepsiceros 190–250 Browser
Giraffe Giraffa camelopardalis ** 970–1400 Browser
Steenbok Raphicerus campestris 12–14 Mixed feeder
Impala Aepyceros melampus ** 40–70 Mixed feeder
Nyala Tragelaphus angasii 100–126 Mixed feeder
Sable antelope Hippotragus niger 180–230 Mixed feeder
Eland Taurotragus oryx 400–900 Mixed feeder
African elephant Loxodonta Africana ** 2800–6300 Mixed feeder
** Actively reintroduced species.
2.2.2. Selection of Habitats
Based on an assessment made from a helicopter, we selected sites corresponding to
five of the ten habitat types [53], which represent 90% of the park surface: (i) Nwambia
Sandveld, (ii) Mopane Shrubveld on Calcrete, (iii) Rugged Veld, (iv) Lebombo North
and (v) Pumbe Sandveld (Figure 1c). Due to the increase in poaching activities in recent
years, the park has been implementing an Intensive Protection Zoning (IPZ) since 2013,
which excludes villages and land-use areas for livestock grazing and agriculture from the
protected area [48]. The IPZ is ecologically preserved [36] and is where the “Old Sanctuary”
and fence dropped sections of the KNP–LNP international border were located. The IPZ is
also crucial for the active and passive restoration processes because historically, wildlife
undertook seasonal movements between KNP and Mozambique before the erection of the
eastern boundary fence of KNP [39]. Thus, we consider the IPZ [(KNP fence, Old Sanctuary
and resettled area] as the origin of LH resettlement. We consider the zone outside IPZ
excluding the buffer zone as a not-resettled area (Figure 1a,b). By overlapping the IPZ map
(Figure 1b) and the sampling sites map (Figure 1c), we calculated the average distances
between sampling site and the “origin of LH resettlement” (using geographic information
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system data from ArcMap 10.6; ESRI 2012). In a next step, we established the gradient in
the following order: (1) Lebombo North (completely inside the IPZ); (2) Pumbe Sandveld
and (3) Rugged Veld (partially within the IPZ); (4) Shrubveld on Calcrete (16 km from the
IPZ) and (5) Nwambia Sandveld (21 km from the IPZ).
(i) Lebombo North—covers 398.78 km2 (3.5% of LNP) and has high richness in its
grass composition (44 species), but lower average biomass (2,076.5 ± 569.83 kg/ha) than
Nwambia Sandveld and Shrubveld on Calcrete. The ecologically important trees are
Colophospermum mopane and Combretum apiculatum. The tree average height is 2.9 m [55].
Heteropogon sp, Digitaria sp, and Uroclhoa mossambicensis are the most dominate grasses [53].
(ii) Pumbe Sandveld—covers 256.08 km2 (2.3% of LNP) and has relatively higher
floristic composition (87 species) than Lebombo North, Rugged Veld, Pumbe Sandveld and
lower than Nwambia Sandveld. It is dominated by Combretum apiculatum and Terminalia
sericea. The grass layer is dominated by Panicum maximum and Eragrostis pallens [53].
(iii) Rugged Veld—covers 699.11 km2 (6.21% of LNP) and is relatively rich (81 species)
in botanic composition. The most ecologically important trees are C. mopane, Acacia ni-
grescens, Sclerocarya birrea and Combretum imberbe. The grass layer is dominated by P. maxi-
mum, Uroclhoa mossambicensis and Schmidittia pappaphoroides [53].
(iv) Shrubveld on Calcrete—covers 4158.9 km2 (38.8% of LNP) and, similar to Lebombo
North, has highest richness in its grass composition (44 species), however with low average
biomass (2968 kg/ha ± 635.63). Digitaria eriantha, Penisetum glaucum and P. maximum are
the most dominated grass species. Calcrete is almost homogeneous in terms of species
composition; shrubby C. mopane is the overwhelmingly dominating species. The tree
average height is lower (~2.25 m) comparatively to other habitats [55].
(v) Nwambia Sandveld—the most extensive habitat covering 4586.41 km2 (41.1% of
LNP) and is relatively richer than others with 99 species in overall botanic composition [53].
Although the grass composition is relatively low (35 species), the average biomass is higher
(3630.5± 298.62 kg/ha) than other habitats. Digitaria eriantha and Uroclhoa mosambicensis are
the most dominated grass. The most ecologically important trees are Combretum apiculatum,
Sclerocarya birrea and Xeroderris stuhlmannii. The average tree height in this landscape is
highest, with ~4.25 m [55].
2.3. Data Collection
We deployed 24 infrared wildlife camera traps (Foxelli Outdoor Gear Oak’s Eye Trail
Cam®—14 MP 1080 Full HD) in 146 sites from 3 December 2019 to 4 June 2021. We used a
stratified random design with habitat types as the main strata, and we randomly selected
~2 km2 grid cells [56,57] in a 60 × 108 km2 grid cells surveyed. We deployed one camera
trap in each grid [58,59] at 0.50 to 1.5 meters height on trees and shrubs. Areas that were
difficult to access as well as areas where the risk of cameras being stolen was high (close to
roads or settlements and cattle grazing areas) were not covered for sampling. All cameras
worked on a passive infrared-triggered basis. The cameras were active 24 hours a day
and took bursts of two successively high-resolution photos, 14 MP (4426 × 3312P) with a
delay of 60 seconds between trigger activations. The cameras were equipped with eight
long-lasting alkaline batteries (Amazon Basics AA High-Capacity Rechargeable) and one
Micro Transcend® SD memory card (SanDisk 32GB micro SDHC memory card). Each
camera trap location or station constituted a sampling unit (n) [60]. We moved the cameras
from one station to another six times and collected LH data in a total of 146 sampling units
at average intervals of 69.5 days.
2.4. Photo Processing
We used the software “Camera Base—Adobe Bridge 2020 for windows (Adobe sys-
tems)”, an access database designed for managing camera trap survey [61,62]. We sorted all
photographs by (1) species [63,64], (2) habitat type, (3) date and time, and we converted to
camera-trap events, considered as the whole sequence of photos in which the same animal
species appeared [65]. Independent events was defined as (i) consecutive photographs of
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individuals of different species; (ii) consecutive photographs of individuals of the same
species taken more than 0.5 h apart; and (iii) nonconsecutive photos of individuals of
the same species [66,67]. For species in herds, we chose the photograph with the highest
number of individuals as the independent sample for that species [68]. Detection was
considered as one independent event of a species per camera and day (24 h) [69]. Therefore,
we counted photos with multiple individuals of the same species in the frame as single
detection for that species [70,71] to minimize bias in estimates of relative abundance [72].
2.5. Data Analysis
2.5.1. Survey Effort
The survey effort was the number of camera-trap days or nights, calculated by sum-
ming the days (24 h period) each camera was operational [65,73,74]. The number of
sampling units sampled in each habitat was Lebombo North n = 40, Pumbe Sandveld
n = 16, Shrubveld on Calcrete n = 30, Nwambia Sandveld n = 50; resettled area n = 76
and not-resettled area n = 70. Average length of camera deployment at each sampling
unit was 69.5 days (SD = 31.2; min = 28; max = 122). To validate the sufficiency of the
study period, we constructed an observed species accumulation curve (SAC) using the
cumulative number of independent events with 95% confidence intervals in EstimateS
9.1.0 [75]. SACs plot the cumulative number of species detected against the survey effort
(number of camera trap days or number of individuals captured) and reach an asymp-
tote when all species have been recorded [76–78]. Additionally, we used the mean of the
four commonly used nonparametric abundance-based richness estimators (ACE, Chao1,
Jackknife1 and Bootstrap) to assess sampling completeness ratio (i.e., observed species
number/estimated species number). In this case, we assumed sampling saturation when
the sampling completeness ratio approached one [68,79].
2.5.2. Species Diversity Indices and Relative Capture Frequency (RAI)
To understand how LH community composition changes among habitat types and
from resettled to not-resettled areas we estimated the following parameters: (1) species
richness (S) as the total number of species captured in each habitat type, resettled area and
not-resettled area. The species richness in each habitat type, resettled and not-resettled
area was compared in 100 trap nights; (2) diversity was estimated using the Shannon
diversity index [H’ = ∑pi × ln (pi)], where pi represents the proportion of individuals
from species i. To investigate differences in Shannon diversity index among habitat types,
between resettled areas and not-resettled areas, we performed diversity t-test [80]. In order
to compare abundance-activity indices among habitat types, between resettled and not-
resettled areas, a measure of relative abundance index (RAI) [81,82] was calculated for each
camera trap. The RAI was calculated at the species level and at the level of total wildlife.
The RAI was calculated by using the number of detections divided by the total number
of trap nights and converting this value as per 100 trap nights to facilitate comparisons.
By using a Shapiro–Wilk test and homogeneity of variance (Levene’s Test), we detected
that RAI means and residuals were not normally distributed (p < 0.05). Thus, medians of
RAI and inter-quartile range (IQR) were calculated for each species in each habitat type
in resettled area and not-resettled area [83]. Kruskal–Wallis with Dunn’s post hoc test
for multiple comparisons at 95% significance level was used to compare RAI medians
at the species level and at the level of total wildlife. We assumed that for most species,
the number of events that the cameras recorded is proportional to the local density of the
species, i.e., cameras will record a species more often where it is more abundant [66,84].
The composition of wildlife communities (browser-grazer-mixed feeder ratio and ungulate-
potential predators’ ratio) was compared among habitat types and between resettled
areas and not-resettled areas. These ratios show the percentage of independent events
of a particular group of species in relation to all independent events associated with
wildlife [83,85]. The relationship between ecological parameters (total RAI, grazer-browser-
mixed feeder ratio and richness) was assessed by plotting the values of these parameters for
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each habitat type using Microsoft Excel 2010 [86]. One-way ANOVA or Kruskal–Wallis test
in past 4.03, depending on the type of distribution of data, were used to compare grazer-
browser-mixed feeder ratio [80] within and among habitat types and between resettled
areas and not-resettled areas. The ungulate-potential predators’ ratio and ungulate-total
wildlife ratio were used to assess the influence of predators on the distribution of ungulates.
We consider those carnivore species as potential predators that have a body mass of
≥13 kg [lion (Panthera leo), leopard (Panthera pardus), cheetah (Acinonyx jubatus), spotted
hyena (Crocuta crocuta), caracal (Caracal caracal), wild dog (Lycaon pictus) and black-backed
jackal (Canis mesomelas)]. This was based on the assumption that the occurrence of those
carnivore species can possibly affect the occurrence, behaviour and distribution patterns
of our target species (large herbivores ≥ 10 kg, including their offspring) [63,64]. Thus,
we used a Kruskal–Wallis test to compare ungulates events (detection) in relation to total
wildlife events in the absence of potential predators and ungulates events when potential
predators where present. Comparisons were conducted within habitat types and between
the resettled and not-resettled area.
2.5.3. Occurrence Frequency/Naïve Occupancy
The occurrence frequency of species in each habitat type, in resettled areas and
not-resettled areas, was calculated as the proportion of sampling unit a species was de-
tected divided by the total number of camera-trap units placed in each habitat type and
area [58,74,87] and was considered as an index to compare large herbivore distribution
responses to habitat types and distance from resettled areas to not-resettled areas. The habi-
tat use (LH distributional ranges) by each species was defined as the number of sampling
units occupied by the species [88] in each habitat and in resettled and not-resettled areas.
Based on this, we calculated the naïve occupancy mean of each species in each habitat
type, in resettled and not-resettled areas. We considered widely distributed species those
occupying all habitat types or both resettled and not-resettled areas with naïve occupancy
mean ≥0.4, and narrowly distributed species occupying less than three habitat types or one
or two areas (resettled areas and not-resettled areas) with naïve occupancy mean ≤0.39.
To understand the effect of habitat type and distance from LH resettlement origin, we
computed binomial confidence intervals for proportions at 95% significance [89] only for
those species with naïve occupancy ≥0.4. The confidence intervals that do not overlap
indicate significant differences in the naïve occupancy.
3. Results
3.1. Trapping Effort
Camera traps produced 21,553 successful photographs in 9533 camera-trap days
(Lebombo North = 1999; Pumbe Sandveld = 1062; Rugged Veld = 582; Shrubveld on
Calcrete = 2178; Nwambia Sandveld = 3712/ resettled area = 4164; not resettled area = 5369)
(Table S1). Observed species accumulation curve approached an asymptote at ~49 species.
The sampling completeness ratio was 0.95 (ACE = 50.78; Chao1 = 49.6; Jack1 = 53.96;
Bootstrap = 52.14; mean average = 51.62). This suggests that a full inventory in the study
area was almost done (Figure 2).
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Figure 2. The observed species accumulation curves for all species captured in LNP. The curves were
constructed using sample-based rarefaction approach with 1000 randomisation runs in EstimateS
9.1.0 [75].
3.2. Species Diversity Index and Relative Capture Frequency (RAI)
We collected a total of 5138 animal triggered events, of which 4235 events (82.4%)
represent our 15 target species (herbivores >10 kg), and 3909 events (76%) represent 14 un-
gulates species. A total of 903 events (17.6% of all events) are associated with 34 nontarget
species, of which 237 events (4.6%) were caused by one out of seven potential predators’
species. We identified a total of 8,584 individuals, belonging to 13 taxonomic orders and
25 families. The Order Artiodactyla was the most represented with 17 species (Table S2).
While species richness (S) is highest in Lebombo North (LN) and a resettled area (RA)
(SLN = SRA = 15) and similar among the other habitat types and in a not-resettled area
(NRA) (SPS=NS=NRA = 12 and SSC=RV = 11), Shannon diversity index and evenness did not
change (Table S3). Total RAI is significantly higher in Lebombo North and Rugged Veld
than Pumbe Sandveld, Shrubveld on Calcrete, Nwambia Sandveld, and it is not signifi-
cantly different between resettled areas and not-resettled areas (Figure 3, Table 2). There is
a clear effect of habitat type on mixed feeder ratio and browser ratio along the distance gra-
dient of LH resettlement. However, the grazer-browser-mixed feeder ratio values oscillate
among habitat types. (Figure 4, Table S4). Only the grazer’s ratio is significantly higher
in resettled areas than not-resettled areas, and the browser ratio is significantly higher in
not-resettled areas than resettled areas (Table S4). At the species-specific RAI level, there are
some significant differences among habitat types (Kruskal–Wallis: 15.23, df = 4; p = 0.004)
and between RA and NRA (Kruskal–Wallis: 4.4, df = 1; p = 0.03): while waterbuck, plains
zebra, greater kudu, giraffe, impala and nyala show a significantly higher RAI in Lebombo
North; common duiker (Sylvicapra grimmia) and steenbok (Raphicerus campestris) show a
significantly higher RAI in Rugged Veld and Nwambia Sandveld and blue wildebeest
in Pumbe Sandveld. Unlike common duiker and steenbok, warthog, waterbuck, plains
zebra, giraffe and impala show a significantly higher RAI in a resettled area. There are
no significant differences in ungulates events (detection) in both presence and absence of
potential predators within habitat types (Kruskal–Wallis: 19.6, df = 4; p = 0.5) and between
resettled area and not-resettled area (Kruskal–Wallis: 4.74, df = 1; p = 0.12) (Table 2).
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Figure 3. Species composition and capture frequency (RAI—detections/100 trap nights) among habitat types and between
resettled areas and not-resettled areas.
Furthermore, the relationship between the ecological parameters [relative capture
index (RAI), grazer-browser-mixed feeder ratio and species richness (S)] point towards
different patterns of LH community responses to habitat type and increasing distance
between sampling site and the origin of LH resettlement. The change of habitat type from
Lebombo North to Pumbe Sandveld leads to a significant decrease in both species richness
and RAI. The change from Pumbe Sandveld to Rugged Veld leads to a significant increase
in both RAI and browsers ratio and decrease in grazers’ ratio. The change from Rugged
Veld to Shrubveld on Calcrete leads to a significant decrease in RAI and browsers ratio.
Finally, the change from Shrubveld on Calcrete to Nwambia Sandveld leads to a significant
increase in browsers ratio and a significant decrease in mixed feeders ratio (Figure 4 and
Table 2). Regarding the LH resettlement origin, the increasing distance from resettled areas
to not-resettled areas leads to a significant decrease only in species richness, grazers’ ratio
and significant increase in browsers ratio (Tables 2 and S4).
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Table 2. Comparison of relative abundance index (RAI) at species level and at total wildlife RAI, ungulate ratio with presence and absence of potential predators among habitat types and
between resettled areas and not-resettled areas in Limpopo National Park.
Common
Name























Area n = 70
Warthog 0.0 (2.09) 0.0 (1.8) 0.0 (0.82) 0.0 (0.0) 0.0 (0.0) 1.99 0.43 0.0 (1.79) a 0.0 (0.0) b 4.6 <0.01
Waterbuck 11.6 (38.2) a – 0.0 (2.01) b 0.0 (0.0) b 0.0 (0.0) b 46.37 0.01 0.0 (12.9) a 0.0(0.0) b 15.03 <0.01
Blue wildebeest 0.0 (0.0) 0.0 (1.7) a – 0.0 (0.0) b – 3.62 0.02 0.0 (0.0) – – –
Plains zebra 5.1 (9.6) a 1.8 (3.4) 0.0 (2.06) 0.0 (0.0) b 0.0 (0.0)b 37.55 <0.01 2.2 (7.2) a 0.0 (0.0) b 30.2 <0.01
African buffalo 0.0 (2.08) 0.0 (5.3) 0.0 (4.2) 1.5 (3.3) 0.0 (2.45) 2.62 0.5 0.0 (3.4) 0.0 (2.5) 1.24 0.2
Common duiker 0.0 (3.8) a 0.0 (1.8) a 16.7 (32.3) b 0.0 (0.82) a 5.6 (17.1) b 32.44 <0.01 0.0 (3.3) a 4.1 (14.9) b 12.9 <0.01
Bushbuck 2.4 (0.0) – – – – – – 0.0 (0.0) – – –
Greater kudu 6.2 (16.7) a 0.0 (1.1) b 6.25 (17.7) 0.0 (2.27) b 2.08 (5.6) 16.01 0.01 0.84 (8.29) 1.14 (5.27) 0.008 0.9
Giraffe 0.0 (4.0) a 0.0 (1.7) 0.0 (2.1) – 0.0 (0.0)b 8.21 <0.01 0.0 (3.28) a 0.0 (0.0) b 12.05 <0.01
Steenbok 0.0 (0.0) a 0.0 (0.0) 2.08 (6.1) b 0.0 (0.0) 0.0 (2.45) b 13.51 <0.01 0.0 (0.0) a 0.0 (2.5) b 14.4 <0.01
Impala 10.9 (27.3) a 0.0 (1.1) b 2.08 (14.5) 0.0 (1.5) b 0.0 (2.5) b 39.51 <0.01 2.5 (18.6) a 0.0 (2.6) b 9.9 <0.01
Nyala 4.8 (28.8) a 0.0 (1.1) b 6.3 (33.3) 1.7 (3.3) 1.1 (2.5) 11.2 0.01 0.0 (7.1) 1.7 (6.1) 1.4 0.22
Sable antelope 0.0 (0.0) 0.0 (0.0) – – – 0.43 0.51 0.0 (0.0) – – –
Eland 0.0 (0.0) – – – 0.0 (0.0) 0.06 0.43 0.0 (0.0) 0.0 (0.0) 0.07 0.37
African elephant 0.0 (3.7) 1.09 (1.79) 2.08 (10.4) 1.81 (8.1) 0.0 (3.3) 5.34 0.17 0.0 (3.5) 0.0 (4.1) 0.07 0.76
TW RAI 66.6 (116) a 8.79 (26.4) b 58.3 (97.2) a 18.5 (26.6) b 27.4 (27.5) b 36.58 <0.01 3.5 (5.7) 0.7 (2.8) 3.4 0.06
U/TW ratio (%) 94.5/5.5 82.2/17.8 95.4/4.6 84/16 92/8
19.6 0.5
92.6/7.4 91.5/8.5
4.74 0.12U/PP ratio (%) 95/5 98.7/1.3 97.3/2.7 90/10 92.5/7.5 95.6/4.4 92/8
U/TC ratio (%) 92.4/7.6 97/3 94/6 88/12 88.3/11.7 - - 93.2/6.8 88/12 - -
IQR—interquartile ranges, KW—Kruskal–Wallis, LH—large herbivores, n—sampling units, PP—potential predators, TC—total carnivorous, TW—total wildlife, U—ungulates. Different letters (a, b) show
significant differences in the comparisons of the specie-specific RAI medians and in the total wildlife RAI medians among habitat type and between resettled and not-resettled areas.
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Figure 4. Relationship between ecological parameters (total RAI, S, grazer-browser-mixed feeder-
ratio). Different letters (a,b,c,d,e) and numbers (1,2,3) show significant differences (p < 0.05) in the
comparisons of grazers-browsers-mixed feeders ratio among and within habitat types, respectively.
LN—LebomboNorth, PS—Pumbe Sandveld, RV—Rugged Veld, SC—Shrubveld on Calcrete, NS—
Nwambia Sandveld.
3.3. Occurrence Frequency/Naïve Occupancy
While African elephant, African buffalo, plains zebra, greater kudu, nyala, impala
and common duiker show a wide distribution range, blue wildebeest, eland (Taurotra-
gus oryx), sable antelope and bushbuck (Tragelaphus scriptus) show a narrow distribution
range among habitat types and from resettled to not-resettled areas (Figure S1). As the
habitat type changes, the results point towards different patterns of LH responses: the
occupancy range of impala and plains zebra is significantly wider in Lebombo North, the
occupancy range of common duiker is significantly wider in Rugged Veld and Nwambia
Sandveld and the occupancy range of greater kudu is significantly wider in Nwambia
sandveld (Figure 5a). However, as the distance between sampling sites and the origin of
LH resettlement increases, only the occupancy range of plains zebra is significantly wider
in resettled areas, while common duiker shows an opposite behaviour (Figure 5b).
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Figure 5. Species-specific naïve occupancy (mean ≥ 0.4) comparison among habitat types (a); between resettled and
not-resettled areas (b). Vertical bars indicate binomial confidence intervals (α = 0.05) for proportions. The vertical bars that
do not overlap indicate species significant differences in the naïve occupancy.
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4. Discussion
This study is the first systematic assessment of large herbivore (LH) communities in
Limpopo National Park (LNP), an area where most LH species were extinct until the early
2000s. We investigate whether parameters of the LH community in LNP are linked with
the availability of habitat types or the distance between sampling site and the “origin of
LH resettlement”. Previously, 26 species had been reported in the LNP [48,49,90]. In this
study, 23 more species were recorded, accounting for 49 species in total. However, three
of actively reintroduced species [Lichtenstein’s hartebeest (Alcelaphus lichtensteinii), White
rhinoceros (Ceratotherium simum) and Roan antelope (Hippotragus equinus)] could not be
recorded, neither with camera traps nor via opportunistic observations.
We found that species richness, relative abundance index and grazer–browser ratio
clearly changed with regards to habitat types. From resettled to not-resettled areas, only
species richness and grazers–browsers ratio changed. The highest number of species
recorded in Lebombo North and resettled area correspond with the fact that these areas
are close to the Kruger National Park (KNP) border and benefit directly from LH entering
from sections of dropped fence. Apart from these officially broken sections, there are many
other “scape sites” into LNP along the fence due to lack of maintenance. Furthermore, the
entire length of the transects in Lebombo North and resettled area are within the Intensive
Protection Zone (IPZ) with many anti-poaching control posts [49], providing LH security
from poaching.
The area of Lebombo North and part of resettled areas, despite being hilly, are crossed
by seasonal rivers (Machampane, Sambalala and Guazi) [32] and are made up by rocky
soils [91], which promote water retention in the rainy season, creating diverse pools that
extend into the late dry season. This can attract water-dependent grazers and mixed-
feeders from the neighboring KNP and other habitats around Lebombo North. Similar to
our study, [47] found that the richness and distribution patterns of LHs were highest in
Lebombo North and along the KNP border, and simultaneously, they recorded about 252
natural waterholes in spite of a rather poor rainfall season. These patterns (water-rich and
safe area) not only explain the high species richness in Lebombo North and resettled area,
but also may explain the highest RAI and grazer’s ratio found in these two sites. However,
the grazers’ ratio decreased significantly from Pumbe Sandveld to Nwambia Sandveld,
probably due to lack of water and prevalence of human settlements in this habitat. As the
distance increases from Lebombo North towards Nwambia Sandveld, the area between the
Shingwedzi Valley and the Limpopo River becomes waterless except for the small pans,
which retain water only during the wet season [32].
The Lebombo North and resettled area are part of Intensive Protection Zone and
therefore are ecologically preserved [36] because there are fewer human settlements and
other disturbances when compared to other habitats, such as Rugged Veld, Shrubveld
on Calcrete and Nwambia Sandveld [38,48]. Because agriculture, livestock grazing and
resource extraction by humans are not allowed within the Intensive Protection Zone and
poaching is more controlled than in other parts of the LNP [49], the Intensive Protection
Zone represents a relatively undisturbed savanna ecosystem in LNP. This can probably
lead to increase the species richness and RAI due to the lack of anthropogenic barriers that
prevent the LH dispersal and colonization of new areas. This finding is supported by obser-
vations in Uganda, Tanzania, Indonesia, Brazil, Costa Rica [92] and Singapore [93], where
different researchers documented higher species richness in intact than in fragmented
habitats. However, the significant reduction in total RAI from Rugged Veld to Nwambia
Sandveld can be explained by opposite patterns to those presented above: from Rugged
Veld to Shrubveld on Calcrete and Nwambia Sandveld (West–East gradient), the intensity
of land use and forest resources exploitation increases due to the human settlements and
livestock (grazing areas) [49]. This leads to increased habitat degradation, which can lead
to reduced total wildlife RAI. Likewise, studies conducted in Gabon [87], Namibia and Tan-
zania [83] confirm a decline in total wildlife RAI of small, medium and large herbivorous
mammal communities resulting from increasing grazing pressure and poaching.
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There is a significant increase in RAI in Rugged Veld owing to individual RAI contri-
butions of two mixed feeders (impala and nyala) and two browsers (common duiker and
great kudu) (Table S5). This increase in RAI can be explained by the fact that Rugged Veld
is a heterogeneous mixture of tall woodland, tall shrub land and short woodland forest [53],
which are preferred habitat types of browsers, providing their main food resources [30].
Rugged Veld also has a rich grass component including the species Panicum maximum,
Urochloa mossambicensis and Schmidittia pappaphoroides [53] that are main food resources
for grazers and mixed feeders [64]. The highest values of common duiker and great kudu
events (Table S5) also lead to significant increase in browsers ratio in Nwambia Sandveld
(Figure 4) and not-resettled areas (Table S5). Nwambia Sandveld and not-resettled areas are
low thicket forest areas with shrubby condition of Colophospermum mopane [53], providing
an important food resource for browsers [94].
Our results give reason to assume that the different species of potential predators in
LNP have not yet reached population sizes that might have a significant impact or cause a
measurable effect on the distribution pattern of ungulates in the five habitat types, as well
as the resettled and not-resettled areas. There is scientific evidence for the existence of a
viable population of cheetah (Acinonyx jubatus) in LNP and in the corridors to neighboring
Banhine National Park [95]. However, given the size of the respective area, it is not
surprising that these cheetahs do not cause a measurable effect on the LH communities in
LNP. The spatial avoidance in agro-pastoralist human settlements areas and harassment
of domestic dogs during illegal poaching by predators can also be the other reason of our
findings. Similarly, different researchers [51,52] in LNP documented low occurrence of
predators (cheetahs) in the core area of the park (Shingwedzi Valley) that contains villages
and near agro-pastoralist communities along the not-resettled area. Furthermore, the
authors found high levels of livestock and bushmeat poaching without predators and
their signals in an abandoned village related to the undergoing voluntary resettlement of
communities from the core area. Regarding species-specific distribution (naïve occupancy)
of the 15 large herbivores target species, seven (African elephant, African buffalo, plains
zebra, greater kudu, nyala, impala and common duiker) are widely distributed among
habitat types and from resettled to not-resettled areas, and four (blue wildebeest, sable
antelope, eland and bushbuck) are narrowly distributed. In the seven widely distributed
species, there is a strong support for effects of habitat type on naïve occupancy because the
occupancy range of five of them is significantly wider. However, there is a little support
for effects of increasing distance from resettled to not-resettled areas on naïve occupancy
because the occupancy range of only two of those seven species is significantly wider
(Figure 5a,b). This shows clearly that a natural colonization process of different LH species
has already started in the LNP. This natural colonization process appears to be more linked
with the availability of habitat features than the distance between sampling site and the
origin of large herbivore resettlement. Our results are corroborated by park censuses
data (2006–2014) [47–49,90]. We found that blue wildebeest, sable antelope and bushbuck
had not expanded their range too far to the East from Lebombo North, possibly due to
organismic limitations caused by these species’ ecological adaptations and their inability to
invade habitats disturbed by human settlements in the Shingwedzi Valley. This is consistent
with findings by Limpopo aerial censuses that recorded the above-mentioned species to
occur only in the “Old Sanctuary” and surroundings [47,49]. Although no sable was
actively introduced to the LNP from KNP, their numbers could probably be experiencing
declines because it is currently the case in the KNP. Furthermore, sable antelopes are low
density herbivores [96] with a restricted distribution throughout the landscape.
5. Conclusions
Our results, particularly the association of most LH community parameters with
habitat types rather than distance to initial release/recolonization, together with the species-
specific and guild-specific response patterns of large herbivores, suggest Limpopo National
Park to be already in an intermediate stage of restoration. Areas with human settlements
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were avoided by reintroduced animals. The park will likely reach an advanced stage of
restoration when the ongoing process of resettlement of communities from some habitat
types (Shrubveld on calcrete and Salvadora angustifolia floodplains) in the Shingwedzi valley
ends. Our results highlight the importance of post-release monitoring of reintroduced
wildlife as a tool to assess the success of ecological restoration initiatives in transboundary
conservation areas. Moreover, our study shows that LNP has an intrinsic conservation
value to contribute to the development of the Great Limpopo Transfrontier Park. Besides
the regional significance, our results represent arguments for the conservation of various
large herbivore species, their habitats and the potential to create basis for management and
policy making for further development of the Great Limpopo Transfrontier Park. Our study
also provides a key to better understanding and contributing to the current knowledge
of large herbivores conservation biology in an unfenced/fenced (LNP/KNP) landscape
mixture that is also impacted by agro-pastoralist and human settlements. Because many
protected areas in Sub-Saharan Africa are also human dominated landscapes, our results
can therefore be applied across these areas for conservation planning and management.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13100456/s1, Table S1: Camera trap survey effort and detailed information about cam-
era trap performance in five habitat types, resettled and not-resettled areas in Limpopo National
Park. Table S2: Checklist of overall species recorded grouped by taxonomic order and family in
Limpopo National Park. Table S3: Comparisons of Shannon–diversity index using Diversity t test
among habitat types, between resettled and not-resettled areas in Limpopo National Park. Table S4:
Pairwise comparison (One-Way ANOVA or Kruskal-Wallis test) of grazer–browser–mixed feeder
ratio within and among habitat types, between resettled and not-resettled areas. Table S5: Relative
abundance index based on detected individuals per species per 100 trap nights among habitat types,
between resettled and not-resettled areas in Limpopo National Park. Figure S1: Specie-specific naïve
occupancy of reintroduced large herbivores among habitat types in the Limpopo National Park.
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